Introduction
Temporal lobe epilepsy (TLE) is a common, often treatmentresistant brain disorder (Cendes et al., 1993a; French et al., 1993) . Childhood long febrile seizures, especially febrile status epilepticus (FSE; seizures Ͼ30 min), are significant risk factors for developing TLE: a history of FSE is found in 35-75% of individuals with TLE (Annegers et al., 1987; Cendes et al., 1993b) . Despite significant progress in understanding the mechanisms that underlie epileptogenesis, no preventative treatments are available. A major barrier to developing such therapies stems from the current inability to identify those who develop TLE after FSE until seizures emerge (Mathern et al., 1995; Kelley et al., 2009) . Because the mean time to TLE onset after FSE is 8 -12 years (Mathern et al., 1995) , a predictive marker should facilitate identification of candidates for future targeted interventions.
MRI is quantifiable and repeatable, enabling monitoring of disease onset and progression. MRI at low magnetic field has been used to study children with FSE and revealed generally unilateral increased T 2 values within 2-5 d (VanLandingham et al., 1998; Scott et al., 2002; Lewis et al., 2014) . Similar findings have been observed in immature rodent FSE models using similar time frames and relatively low-magnetic-field MRI systems Jansen et al., 2008) . However, it remains unknown whether these changes predict epilepsy and the underlying neurobiological mechanisms are incompletely understood.
Here, we investigated MRI changes occurring within hours after FSE as potential predictive markers for TLE using a highresolution, high-field scanner. We used an established rat model of FSE induced by hyperthermia involving endogenous fever mediators (Dubé et al., 2005a in rats at ages when limbic system development approximates that in children with FSE (Avishai-Eliner et al., 2002) . Similar to children, 30 -40% of animals develop TLE, yet progression to epilepsy is relatively short (months), permitting rapid validation of identified markers (Roch et al., 2002; Gröhn and Pitkänen, 2007) . In addition, whereas many factors likely contribute to TLE development after childhood FSE, we have established the causal role of rodent FSE in the subsequent epilepsy. We examined the neurobiological basis of the MRI changes seeking to identify epileptogenic mechanisms.
At early time points and using a very-high-field magnet (11.7 T), novel and specific MRI signal changes were observed in limbic regions and these changes predicted TLE. The MRI signal changes involved local susceptibility effects derived from the paramagnetic nature of oxygen-poor, unsaturated hemoglobin. They appeared as reduced T 2 on a high-field scanner and likely reflected reduced tissue oxygenation. In addition, a high-energy
Hyperthermic controls were littermates of the experimental rats and subjected to the same duration of hyperthermia, but seizures were prevented by treatment with pentobarbital (Nembutal 16 -25 mg/kg, i.p.) 30 min before induction of hyperthermia. An additional control group included littermates of the experimental group that were removed from the cage for the same duration (to control for potential stress) and their core temperatures kept within the normal range for age (normothermic controls) .
MRI procedure and analysis. MRIs were performed on a Bruker Avance 11.7 T MR scanner and all quantitative T 2 studies were performed on the same single scanner. Rats were anesthetized for the duration of the imaging using 1.5% isoflurane in 100% O 2 and body temperature was maintained at ϳ36.5°C with a heated water cushion. A field-of-view of 2.3 cm and a slice thickness of 0.75 mm were used for all scans. T 2weighted images were acquired using a 2D multi-echo-spin-echo sequence with the following parameters: TR ϭ 4697 ms, TE ϭ 10.21-100.1 ms, inter-TE ϭ 10.21 ms, matrix size ϭ 192 ϫ 192, and number of averages (NA) ϭ 2. To determine the relationship between early T 2 changes and epilepsy, "FSE"-sustaining rats were scanned serially at 2, 18, and 48 h after FSE (n ϭ 19). Normothermic controls were scanned on P10 once (n ϭ 8) or serially (n ϭ 14). Hyperthermic controls (n ϭ 14) were scanned 2 h after hyperthermia. Additional groups of rats (6 normothermic controls and 12 FSE) were imaged at both 2 and 4 h to determine the duration of the obtained signal changes. This sequence was also used to determine relationships between T 2 and deoxyhemoglobin levels, as well as T 2 and HMGB1 translocation.
To determine the relationship between high-field T 2 changes and the deoxyhemoglobin-sensitive T 2 * effect and to enable the visualization of predictive changes in clinically relevant MRI scanners, a separate rat cohort was imaged on a Bruker Avance 4.7 T MRI scanner and then at 11.7 T using the T 2 sequence described in the preceding paragraph. Rats were scanned 2 h after FSE (n ϭ 8) and compared with littermate controls (n ϭ 7). T 2 *-weighted images were acquired with a multi-echo-gradientecho sequence with the following parameters: TR ϭ 500 ms, flip angle ϭ 38.8°, TEs ϭ 3.77-65.33 ms, inter-TE ϭ 6.84 ms, matrix size ϭ 128 ϫ 128, and NA ϭ 16. Absolute T 2 or T 2 * relaxation time values (in milliseconds) were calculated by log transform followed by a linear leastsquares fit on a pixel-by-pixel basis and T 2 or T 2 * maps were generated using in-house software (MATLAB RRID:nlx_153890; Mathworks). T 2 measurements were consistent across the imaging sessions. For example, in the normothermic control rats (n ϭ 22), whole-brain T 2 across 6 imaging cohorts that spanned 18 months were as follows: cohort 1 (n ϭ 4) was 58.1 Ϯ 0.57 ms, cohort 2 (n ϭ 3) was 59.9 Ϯ 1.26 ms, cohort 3 (n ϭ 3) was 57.8 Ϯ 1.7 ms, cohort 4 (n ϭ 4) was 57.9 Ϯ 0.96 ms, cohort 5 (n ϭ 3) was 58.3 Ϯ 0.17 ms, and cohort 6 was 58.9 Ϯ 1.23 ms (mean Ϯ SD). No significant differences were found among these groups (F ϭ 1.59, p ϭ 0.22).
Images were coded and analyzed without knowledge of treatment group or time of imaging to ensure that there was no bias when the measurements were performed. Regions were delineated manually separately in the left and right hemispheres. MRI signal changes are most often unilateral and universally asymmetric in children after FSE and in adults with epilepsy after FSE. We have previously identified unilateral hippocampal changes on MRI in this model of FSE, similar to those observed in children with FSE. Therefore, we performed separate measurements and analyses of left and right amygdala, hippocampus, medial thalamus, and other bilateral limbic structures.
T 2 values were measured using ImageJ software (version 1.25l, RRID: nif-0000 -30467). The regions of interest were defined on gray scale maps and a dynamic range of 0 -100 ms was used. For the figures (e.g., Fig. 1 ), we used a color map and reduced the dynamic range (40 -80 ms) to highlight the differences among groups. In four rats (three control and one FSE), image artifacts prevented T 2 * measurements in basolateral amygdala.
Because of the established unilateral or asymmetric nature of the epilepsy focus and the MRI changes after FSE-related epilepsy in humans and rodents, the lower side was analyzed for all of the groups and all of the comparisons.
EEG electrode implantation. One month after FSE (n ϭ 19 FSE; 16 normothermic controls and 7 hyperthermic controls), bipolar electrodes (Plastics One) were implanted bilaterally in the hippocampus (AP: 3.3; L: 2.3; V: Ϫ2.8 mm with reference to bregma), a cortical electrode was placed over the parietal cortex (AP: 2; L: Ϫ2 mm), and a ground electrode over the cerebellar cortex. Cortical and hippocampal recordings were conducted in freely moving rats and electrode placement was verified post hoc.
Long-term digital video EEG recordings and analysis. Video EEG monitoring began 5 d after electrode implantation. EEG recordings were synchronized to video and conducted for a period of up to 10 months. EEG monitoring time was increased progressively to optimize seizure detection. Prior work in the same model indicated that epilepsy does not commence before a month after the inciting FSE and its incidence increases over the subsequent 2-8 months ; this is consistent with a long latent period in humans (French et al., 1993) . Because of this and in view of limited recording capacity, we sampled progressively over the course of 10 months. In the first month, we monitored for 112 h (15.6% of a month), 180 h (25%) in the penultimate month, and 206 h (28.6%) in the final month. The recordings in the later months consisted of several segments of continuous 24/7 monitoring lasting 3-5 d, enabling sampling of circadian variability and of several consecutive days. Overall, Ͼ37,000 h of video EEG were acquired, including 595 Ϯ 57 h per normothermic control rat, 430 Ϯ 41 h per hyperthermic control rat, and 1319 Ϯ 89 h per FSE rat.
EEGs were coded and scanned visually for spike series and seizures by two experienced investigators who were blinded to group identity and then reanalyzed using a seizure-detection software (Lab-Chart version 7.3; ADInstruments). The concurrent video recordings were analyzed for behavioral manifestations of the apparent seizure. Only events with both EEG and behavioral changes and lasting Ͼ20 s were classified as seizures. We evaluated typical behaviors associated with limbic seizures, including sudden cessation of activity, facial automatisms, head bobbing, prolonged immobility with staring, alternating or bilateral clonus, rearing, and falling (Racine, 1972) . Rats were considered epileptic if they had at least one documented seizure as defined by these parameters. Spike series were defined as clusters of spikes with uniform interspike intervals. A cluster had a minimum of five spikes and lasted a minimum of 12 seconds.
Golgi method visualization and analysis of neuronal dendritic structure. Golgi impregnation and analysis were performed as described previously (Chen et al., 2004; Ivy et al., 2010) . Hemispheres were immersed in Golgi-Cox solution for 10 d, followed by a 2-5 d immersion in 30% sucrose, both in the dark. Using a vibratome, 200 M coronal sections containing dorsal hippocampus were mounted on coated slides and allowed to dry for 1-2 h. Sections were developed with 14% ammonium hydroxide for 30 min, followed by 30 min in Kodak fixative. Sections were washed and dehydrated in increasing dilutions of ethanol and then coverslipped with Permount.
Fully impregnated neurons were sampled for this study without knowledge of treatment group. We were careful to pick neurons from a specific anatomical location within hippocampus to avoid potential confounders derived from location-dependent morphology of CA3 pyramidal cells. Neurons were sampled in dorsal CA3b within 150 m of the CA3b/CA3c boundary. Neurons were reconstructed in 2D using the camera lucida method without knowledge of treatment group (3-7 neurons per rat, 3-4 rats per treatment group). Dendritic arborization was analyzed using the Sholl method for dendritic complexity and length and compared among treatment groups.
Visualization and analysis of HMGB1 translocation. For this study, normothermic controls (n ϭ 9) and FSE littermates (n ϭ 24) were used. Rats were deeply anesthetized and transcardially perfused with 4% paraformaldehyde. Brains were removed, postfixed for 90 min, and then cryoprotected in 30% sucrose. Free-floating sections were used for HMGB1 ICC using standard methods and rabbit anti-HMGB1 (1:1000, catalog #ab18256, RRID: AB_444360; Abcam; Maroso et al., 2010) . The reaction product was visualized using a 3,3Ј-diaminobezidine solution. Both the number of cells expressing HMGB1 and the proportion of these cells where HMGB1 was translocated from nucleus to cytoplasm en route to release were evaluated. HMGB1 translocation was considered absent when the immunoreactive (ir) product was confined to the nucleus. Translocation was considered present when HMGB1-ir filled the soma, and often also the dendrites, delineating the neuronal contour. All analyses were performed without knowledge of treatment group.
Measurements of venous blood deoxyhemoglobin. To determine the relationship between T 2 and deoxyhemoglobin, a separate cohort of FSE (n ϭ 12) rats and normothermic controls (n ϭ 7) were imaged. One FSE rat was removed from analysis because of ventricular enlargement indicating a preexisting abnormality. Because of technical infeasibility of sampling venous cerebral blood and in view of the fact that cerebral metabolism accounts for 25-50% of total body oxygen consumption (Clarke and Sokoloff, 1999) , deoxyhemoglobin analysis was performed on cardiac right ventricle blood. Sampling was performed immediately after MRI under terminal anesthesia and venous blood samples were placed on ice and analyzed within an hour. Briefly, using a 30 gauge needle connected to a heparinized syringe, 0.15-0.2 ml of venous blood sample from the right cardiac ventricle was withdrawn, placed on ice, and analyzed using a hemoximeter (OSM3; Radiometer). Deoxyhemoglobin concentration was calculated using the following formula: deoxyhemoglobin concentration ϭ 100 Ϫ (hemoglobin oxygen saturation ϩ carboxyhemoglobin concentration ϩ methemoglobin concentration).
Statistics. To determine whether MRI T 2 values time course differed among groups, we performed two-way repeated measures ANOVA followed by post hoc analyses using t tests with Bonferroni correction for multiple comparisons. Independent t tests were used to compare the inciting FSE parameters (duration, number of stage 5 seizures, latency to onset from initiation of hyperthermia, seizure threshold temperature, and average core temperature during hyperthermia) of the rats that progressed on to epilepsy and those that did not. One-way ANOVA followed by the Tukey's post hoc test was used to determine the differences at 2 h among the FSE and normothermic and hyperthermic controls to investigate T 2 in the hippocampus and amygdala among controls and nonepileptic and epileptic rats. To determine whether the T 2 change was a result of localized regional changes, the same analyses were also performed on the predictive regions after normalization to individual whole-brain T 2 values. To investigate the interrelationships between regional T 2 changes, principal axis factor analysis with varimax rotation was used to derive underlying factors that could describe these regional patterns after FSE. Limbic regions (dorsal and ventral hippocampus, distinct amygdala nuclei, entorhinal cortex, piriform cortex) and limbic-interconnected regions (medial thalamus), as well as nonlimbic regions (cerebellum, corpus callosum) and extra-brain tissue (tongue muscle), were included. The Benjamini-Hochberg method was used to avoid false discovery.
For all bilateral regions in all groups, the lower of the two values were used (see detailed methodology in the MRI analysis section). Scree plots were examined to determine the number of derived factors,and factor scores for individual rats were obtained. In addition, the same analyses were performed for regional T 2 values normalized to whole brain of individual rats. To determine whether MRI performed better than chance at predicting epilepsy after FSE, derived factor scores and regional MRI data from the FSE group underwent receiver operating characteristic (ROC) curve analyses. The area under curve (AUC) was then compared with chance (AUC ϭ 0.5). Pearson correlation was used to determine the relationships among the values of T 2 signals and deoxyhemoglobin levels, deoxyhemoglobin levels, and seizure duration, deoxyhemoglobin levels, and mean core temperature during the inciting seizure and between T 2 values at 11.7 T and T 2 * values at 4.7 T. This was also calculated for the relationship between the 2 and 4 h T 2 signals in the basolateral amygdala and the medial thalamus to determine whether the signal persisted. An independent t test was used to determine whether the levels of blood hemoglobin were different between FSE rats and control rats. HMGB1 translocation analyses and dendritic complexity and length comparisons used one-way ANOVA with Bonferroni post hoc tests to correct for multiple comparisons.
Statistical analyses were performed using IBM SPSS software version 20.0. Graphs were generated using either SPSS or Prism version 5 software (GraphPad). Data are presented as mean Ϯ SEM unless otherwise stated and significance was set at p Ͻ 0.05.
Results

Brain MRI T 2 values after experimental FSE
Using the high-magnetic-field MRI scanner, whole-brain T 2 values of rats imaged longitudinally decreased with age, as reported previously . In addition, as reported for immature and adult rodents, the absolute values of the relaxation times were compressed on the 11.7 T scanner compared with findings using lower-magnetic-field MR scanners: mean values were 59.7 ms versus 101.3 ms reported for immature rat controls at 6. 3T (Jansen et al., 2008) and ϳ120 ms in P10 rats on a 4 T scanner . These values were consistent with those reported in adult hippocampus by de Graaf et al. (2006): 72, 45.4, and 38 .9 ms at field strengths of 4, 9.4, and 11.7 T, respectively.
Comparing among groups, whole-brain T 2 values of the total group of rats that underwent FSE were modestly lower than those of control littermates (interaction of time and group, p ϭ 0.035; Fig. 1 ). The greatest effect occurred at 2 h after FSE (mean difference ϭ Ϫ1.95 Ϯ 0.40 ms, p Ͻ 0.001) and significant differences persisted at 18 h (Ϫ0.91 Ϯ 0.30 ms, p ϭ 0.007), but not at 48 h (Ϫ0.65 Ϯ 0.54 ms, p ϭ 0.241). The typical developmental reduction in T 2 relaxation values was observed in the control group (Ding et al., 2004; Leppert et al., 2009; Oishi et al., 2013) . To determine whether the reduced T 2 values in FSE rats could be explained by differences in the inciting hyperthermia, we correlated the mean core temperature during hyperthermia to brain T 2 in the FSE rats and found no significant relationship (r ϭ 0.043, p ϭ 0.86). To consider possible influences of hyperthermia per se versus hyperthermia-induced seizures on T 2 , we included a group of rats that experienced hyperthermia while under anticonvulsant drugs (hyperthermic controls; Fig. 1A -C,F ). Significant differences were found among groups (F ϭ 19.37, p Ͻ 0.001); post hoc analyses indicated that T 2 values of rats experiencing both seizures and hyperthermia (FSE rats) were significantly lower than both normothermic and hyperthermic controls (Ϫ2.06 Ϯ 0.33 ms, p Ͻ 0.001 and Ϫ1.09 Ϯ 0.37 ms, p ϭ 0.014, respectively).
Reduction of whole-brain MRI T 2 is confined to a subgroup of FSE rats
If T 2 signal on MRI predicts epileptogenesis and only a subgroup of rats develop TLE, then two populations of FSE rats should emerge: those with normal and those with significantly abnormal T 2 values. Therefore, we examined whole-brain T 2 changes of individual rats and found that T 2 values of 9 of 19 FSE rats fell outside of 2 SDs from the mean for normothermic controls (mean Ϯ 2 SDs: 58.48 Ϯ 2.45 ms, n ϭ 22; Fig. 1G ). These findings raised the possibility that MRI might reflect individually distinct effects of FSE, which in turn might correlate with epileptogenesis.
Development of limbic epilepsy after experimental FSE
Chronic video EEG monitoring was conducted for a period of up to 10 months. Prior work in our model indicated that epilepsy did not commence before a month after the insult . Therefore, we sampled progressively over the course of 10 months: 15.6% of the time during the first month and 28.6% of time during the final month. The recordings in the later months consisted of several segments of continuous 24/7 monitoring lasting 3-5 d, enabling sampling of circadian variability and potential clustering during consecutive days. Overall, Ͼ37,000 h of video EEG were acquired, including 595 Ϯ 57 h per normothermic control rat, 430 Ϯ 41 h per hyperthermic control rat, and 1319 Ϯ 89 h per FSE rat. Spontaneous seizures were detected in 6 of 19 rats after FSE (32%), which is comparable to previous reports (Fig. 2, Table 1; and to estimates in children (Hesdorffer et al., 2007) . The epileptic rats had 0.07 seizures/d of recording, which, in view of the incomplete recording, is likely to be an underestimate of the true seizure rate. The sparse seizures (Table 1) The largest effect was observed 2 h after FSE ( p Ͻ 0.001) and a significant effect was also observed at 18 h ( p ϭ 0.007). Blue indicates normothermic control (NT-C) rats and red the FSE rats. Statistical significance was determined by repeated-measures ANOVA followed by post hoc analyses with t tests that were adjusted for multiple-comparisons with Bonferroni's correction. F, Seizures, not hyperthermia, led to the most robust T 2 reduction. T 2 values for the FSE group were significantly lower than those of either normothermic (n ϭ 22, p Ͻ 0.001) or hyperthermic (n ϭ 14, p ϭ 0.014) control groups, indicating that brain T 2 reductions in FSE rats resulted from hyperthermia-induced seizures and not from hyperthermia. Statistical significance was determined by ANOVA followed by post hoc analysis with Tukey's honestly significant differences (HSD) test. G, A subset of FSE rats had significantly lower brain T 2 values compared with the normothermic controls, which raised the possibility that the reduced T 2 values might predict epileptogenesis. T 2 values in 9 of 19 FSE rats lay more than 2 SDs from the normothermic controls. Dotted line indicates 2 SDs from mean of NT-C rats (n ϭ 22). Circles indicate individual rats; blue circles are NT-C rats and red circles are FSE rats. Data are presented as mean Ϯ SEM. HT-C, Hyperthermic control; BLA, basolateral amygdala; MEA, medial amygdala; MThal, medial thalamus; DH, dorsal hippocampus; VH, ventral hippocampus. *Statistically significant at p Ͻ 0.05.
Figure 2.
Severity and duration of the inciting FSE and the resulting epileptogenesis. Within the time frame of the experimental FSE, neither the duration of hyperthermia nor the duration of the seizures (Ai) or the number of stage 5 seizures during FSE (Aii) predicted which rats progressed on to epilepsy. Statistical significance was determined by independent samples t test; nonepileptic n ϭ 13, epileptic n ϭ 6. Data are presented as mean Ϯ SEM. B, Epilepsy was found in six of 19 rats and representative EEG traces of spontaneous seizures from each of the six epileptic rats are shown (see also Table 1 ). Areas in the boxes are shown in expanded time scales. C, Representative EEG traces from three epileptic rats with inter-ictal spike trains. These were observed in five epileptic rats. D, Hippocampal pyramidal cells from epileptic rats had reduced dendritic arborization compared with FSE rats not exhibiting spontaneous seizures (NonEpi) and with normothermic controls (NT-C). Shown are representative Golgi-impregnated sections (Di), traces of reconstructed dorsal hippocampus CA3b neurons (Dii), Sholl analysis of apical dendrites (Diii), and total dendritic length (Div). n ϭ 3-4 rats per treatment group. Data are presented as mean Ϯ SEM. NonEpi, nonepileptic; Epi, epileptic. say et al., 1979 say et al., , Olafsson et al., 2005 Chong et al., 2013; Ablah et al., 2014) . The number and duration of the seizures in the epileptic rats are shown in Table 1 and examples are found in Figure 2 . The spontaneous seizures were limbic in semiology; associated with sudden freezing, facial automatisms, head nodding, and forelimb clonus (Racine stages 0 -3); and averaged 95.1 Ϯ 12.6 s in duration. Behavioral seizures coincided with ictal EEG activity that was detected in one or both hippocampal EEGs (Fig. 2, Table  1 ). Neither seizures nor spike series were detected in the normothermic (n ϭ 16) or hyperthermic (n ϭ 7) controls, nor in the Ͼ10,000 recorded hours in similar previous control cohorts.
The probability of developing epilepsy was not influenced by any parameter of the inciting hyperthermia or FSE (Fig. 2 Because seizures in this model of FSE-related TLE are sparse, we searched for other parameters that might distinguish epileptic from nonepileptic rats. We studied epileptic spike trains and found them in five of six epileptic rats and in none of the controls (Table 1 ). In addition, we investigated whether the epileptic state was associated with structural changes in neurons within regions that participate in the seizures. Because spontaneous seizures were detected in hippocampus and dendritic toxicity has been found previously in this model (Toth et al., 1998; Bender et al., 2003) , we analyzed dendritic structure in the pyramidal cell layer, focusing on CA3. A significant atrophy of dendritic trees in matched CA3b dorsal hippocampal pyramidal neurons was apparent in the FSEepileptic group compared with both normothermic controls and rats that did not become epileptic (Fig. 2D ).
Relationship between T 2 values in specific brain regions, but not in whole brain, and the development of epilepsy
The results presented thus far demonstrated that experimental FSE led to significant decreases in MRI T 2 signal in a subgroup of rats and, in parallel, that limbic epilepsy developed in a subgroup of FSE rats. Therefore, we investigated whether the MRI changes 2 h after FSE were predictive of epilepsy in individual subjects. We found that neither whole-brain T 2 values (mean difference from nonepileptic rats ϭ Ϫ0.32 Ϯ 0.56 ms, p ϭ 0.84) nor T 2 values in cranial muscles (0.19 Ϯ 0.43 ms, p ϭ 0.90) distinguished the epileptic rats. These findings suggested that global, brainwide T 2 signal changes that might result from systemic processes do not predict epileptogenesis.
Because TLE involves the limbic circuit and because, in children, limbic T 2 changes have been described in the context of FSE and TLE, we measured T 2 values of several limbic structures. We found asymmetry of T 2 values between left and right hippocampus and amygdala, which is consistent with findings in children after FSE (VanLandingham et al., 1998; Lewis et al., 2014) and with our previous studies in the immature rodent FSE model . Typically, the abnormal MRI delineates the location of the unilateral epilepsy focus in TLE (Lewis et al., 2014) . Based on these facts, we focused on comparing, in all groups, the T 2 values in the side with lower values. In individual rats, unilateral T 2 values were reduced in FSE rats that became epileptic compared with those in rats that did not (Fig.  3A-I ) . Specifically, T 2 values in the basolateral amygdala of FSE rats that developed epilepsy were significantly lower than those in controls and in FSE nonepileptic rats (mean difference from controls ϭ Ϫ3.29 Ϯ 0.51 ms, p Ͻ 0.001; mean difference from nonepileptic rats ϭ Ϫ1.52 Ϯ 0.52 ms, p ϭ 0.017; Fig. 3G ). A similar finding was obtained in medial amygdala (Ϫ2.43 Ϯ 0.39 ms, p Ͻ 0.001; Ϫ0.99 Ϯ 0.39 ms, p ϭ 0.043; Fig. 3H ). Using the Benjamini-Hochberg method to correct for the false discovery rate (potentially resulting from multiple comparisons) for the 6 tests conducted (basolateral amygdala, medial amygdala, medial thalamus, whole brain, dorsal and ventral hippocampus), the adjusted probabilities were as follows: basolateral amygdala, 0.03; medial amygdala, 0.084; medial thalamus, 0.1; whole brain, 0.648; dorsal hippocampus, 0.375; and ventral hippocampus, 0.93. Whereas these changes were moderate in absolute terms, they represent a large effect size: Using Cohen's d, an established measure of effect size in which the threshold for a large effect is 0.8, we found for the basolateral amygdala changes a Cohen's d of 1.77 and for the medial amygdala ϭ 1.32. Hippocampal T 2 values were also significantly reduced in epileptic compared with control rats (dorsal: Ϫ2.96 Ϯ 0.67 ms, p Ͻ 0.001, Fig. 3I ; ventral:
Ϫ2.26 Ϯ 0.55 ms, p Ͻ 0.001). However, the values did not distinguish epileptic from nonepileptic rats (Ϫ0.54 Ϯ 0.68 ms, p ϭ 0.71; 0.6 Ϯ 0.55 ms, p ϭ 0.99).
These analyses demonstrated that signal changes in specific brain regions, but not in the whole brain, distinguished epileptic and nonepileptic rats and suggested that the amygdala T 2 values may be a predictive biomarker of epileptogenesis. Further support for the regional specificity of limbic signal derived from analysis of regional T 2 values normalized to the T 2 of whole brain in each animal (thus controlling for potential systemic or whole-brain confounders). Comparing epileptic with nonepileptic and control rats, we found that the basolateral amygdala T 2 values ( p ϭ 0.02 and p ϭ 0.024, respectively) of epileptic rats remained significantly different from nonepileptic and control rats (Fig. 3J ). In the medial thalamus, differences between the epileptic and control rats were still found ( p Ͻ 0.001), but did not distinguish the epileptic from the nonepileptic rats ( p ϭ 0.44).
To determine objectively the efficacy of the amygdala T 2 values as a predictive marker of epilepsy after FSE, we used an independent unbiased measure, ROC curve analysis, which demonstrated that T 2 values in both basolateral and medial amygdala (AUC ϭ 0.91 Ϯ 0.08, p ϭ 0.005; AUC ϭ 0.82 Ϯ 0.10, p ϭ 0.028, respectively; Fig. 3K ) predicted epileptogenesis better than chance, as did T 2 values in the medial thalamus (AUC ϭ 0.78 Ϯ 0.11, p ϭ 0.05, Fig. 3K ). Whole-brain (AUC ϭ 0.59 Ϯ 0.15, p ϭ 0.54), dorsal hippocampus (AUC ϭ 0.67 Ϯ 0.17, p ϭ 0.25), or ventral hippocampus values were not predictive (AUC ϭ 0.49 Ϯ 0.14, p ϭ 0.93; Fig.  3L ). Exploratory factor analysis followed by the ROC curve procedure was also performed on raw T 2 values for limbic regions, as well as on values normalized to brain T 2 values of each animal (Tables 2, 3) and the differences remained robust.
Together, the region-of-interest approach (focused on limbic structures) and the independent unbiased mathematical approach (exploratory factor followed by ROC curve analyses) that reduced multiple comparisons (Tables 2, 3) suggested that T 2 signal reduction (using an 11.7 T magnet) in specific limbic brain regions and at 2 h after FSE are predictive of eventual limbic epilepsy. Therefore, we assessed the persistence of these changes, their origin, and their applicability to clinical settings. Assessing the persistence of the signal, we found that, by 18 h, regional T 2 signals no longer distinguished the epileptic and nonepileptic rats (mean difference of epileptic from nonepileptic rats in basolateral amygdala was Ϫ1.03 Ϯ 0.92 ms, p ϭ 0.17; medial amygdala was Ϫ0.74 Ϯ 0.41, p ϭ 0.12; medial thalamus was Ϫ0.36 Ϯ 0.47, p ϭ 0.45; basolateral amygdala AUC ϭ 0.29 Ϯ 0.14, p ϭ 0.15; medial amygdala AUC ϭ 0.73 Ϯ 0.16, p ϭ 0.11; medial thalamus AUC ϭ 0.39 Ϯ 0.13, p ϭ 0.43). Experiments using an additional rat cohort showed that the signal persisted 4 h after the experimental FSE (correlation between 2 and 4 h T 2 values for basolateral amygdala r ϭ 0.69, p ϭ 0.002, and medial thalamus r ϭ 0.88, p Ͻ 0.001). These data suggested that the useful time window for detection of MRI sig-nals that predicted epileptogenesis was ϳ2-4 h after the termination of FSE.
Relationship of the observed reduction in T 2 values at veryhigh-field MRI and increased deoxyhemoglobin levels
T 2 reduction on MRI can be caused by paramagnetic substances, including oxygen-poor, unsaturated hemoglobin, which induce local susceptibility effects. These effects, leading to reduced T 2 values, are proportional to magnetic field strength and our studies used a high-field, 11.7 T magnet (Fig. 4A) . Therefore, we investigated Figure 3 . Amygdala T 2 values 2 h after FSE distinguish rats that progressed on to epilepsy. A-F, Representative color-coded quantitative T 2 maps of a normothermic control, a nonepileptic, and an epileptic FSE rat. Basolateral amygdala is highlighted in the black box. Scale bar indicates 1 mm. T 2 values in the basolateral amygdala (A-G) distinguished the epileptic group from the nonepileptic group, indicating that amygdala T 2 values were predictive of epilepsy (epileptic group vs normothermic controls p Ͻ 0.001, epileptic group vs nonepileptic group p ϭ 0.017). H, Similar results were found for medial amygdala ( p Ͻ 0.001 and p ϭ 0.043). I, Hippocampal T 2 did not distinguish epileptic from nonepileptic groups (dorsal hippocampus p Ͻ 0.001, p ϭ 0.71, ventral hippocampus p Ͻ 0.001, p ϭ 0.99). J, To exclude general or systemic effects, amygdala T 2 values were normalized to total brain values. The normalized values, reflecting local changes in the basolateral amygdala, separated the epileptic rats from nonepileptic and control animals (epileptic vs nonepileptic rats p ϭ 0.02, epileptic vs control p ϭ 0.024; black line signifies the mean of the controls and dotted line the SEM of controls). K, ROCs for limbic structures and brain T 2 values from the FSE rats indicated that amygdala and medial thalamus predicted epilepsy (BLA: AUC ϭ 0.91 Ϯ 0.08, p ϭ 0.005, MEA 0.82 Ϯ 0.10, p ϭ 0.028, MThal 0.78 Ϯ 0.11, p ϭ 0.05). L, Neither hippocampal regions nor brain T 2 predicted epilepsy any better than chance (dorsal hippocampus: 0.67 Ϯ 0.17, p ϭ 0.25; ventral hippocampus: 0.49 Ϯ 0.14, p ϭ 0.93; brain: 0.59 Ϯ 0.15, p ϭ 0.54). Ideally, a predictive marker will have a high sensitivity (near 1.0; y-axis) and specificity ([1-specificity] near zero; x-axis). Dotted line indicates AUC of 0.5, a reference to chance. Statistical significance was determined by ANOVA followed by post hoc analysis with Tukey's HSD. Data are presented as mean Ϯ SEM. Values were compared among the sides with lower T 2 values in all rats and all groups. NT-C, Normothermic control; NonEpi, nonepileptic; Epi, epileptic; BLA, basolateral amygdala; MEA, medial amygdala; MThal, medial thalamus; DH, dorsal hippocampus; VH, ventral hippocampus. Normothermic controls n ϭ 14, nonepileptic group n ϭ 13, epileptic group n ϭ 6. *Statistically significant at p Ͻ 0.05.
whether the reduced T 2 values might result from enhanced oxygen utilization that endured beyond the FSE itself and the consequent increase in deoxyhemoglobin levels. In a separate cohort, we measured venous blood deoxyhemoglobin levels and correlated these with brain and extracranial muscle T 2 values in the same individual rats of both control and FSE groups. T 2 measurements in brain correlated strongly with deoxyhemoglobin levels (r ϭ Ϫ0.73; p ϭ 0.001), suggesting that increased deoxyhemoglobin contributed to the T 2 decrease after FSE (Fig. 4B) . A weaker correlation was obtained for extracranial muscle T 2 and deoxyhemoglobin (r ϭ Ϫ0.47; p ϭ 0.057). These correlations pertain to systemic venous blood because we failed technically to obtain sufficient quantities of cerebral venous blood to measure reliably hemoglobin levels. However, at the developmental ages examined here, 25-50% of oxygen utilization involves cerebral metabolism (Clarke et al., 1999) . The robust correlation obtained here between venous blood and T 2 probably underestimated the contribution of cerebral venous deoxyhemoglobin to the reduced T 2 relaxation times.
Neither mean core temperature nor duration of the inciting febrile seizures correlated with deoxyhemoglobin levels, excluding the possibility that the increased deoxyhemoglobin could be a result of overt differences in the inciting hyperthermia and seizures (r ϭ Ϫ0.48, p ϭ 0.89; r ϭ Ϫ0.11, p ϭ 0.76, respectively). Notably, total hemoglobin levels did not differ between the groups (control 10.83 Ϯ 0.24 g/dL and FSE 10.98 Ϯ 0.34 g/dL, p ϭ 0.72, respectively).
Early, energy-demanding inflammatory processes correlate with the MRI changes in a subset of FSE subjects
Several factors might result in increased deoxygenated hemoglobin levels and these often involve a mismatch between blood supply and tissue metabolic rates (Pereira de Vasconcelos et al., 2002; Schridde et al., 2008; DeSalvo et al., 2010) . Here, we tested the idea that the increased deoxygenated hemoglobin derived from augmented oxygen extraction resulting from energydemanding cellular processes and that these in turn may signify the initial steps in the epileptogenic cascade. We focused on inflammatory mechanisms because they have been implicated in the epilepsy that follows experimental FSE (Dubé et al., 2005a and in TLE in general (Vezzani et al., 2011 ). An early step initiating inflammatory processes in the brain is the translocation of the HMGB1 molecule from the nucleus into the cytoplasm, which is followed by its release out of the cell. This high-energydemanding process takes place in response to cellular injury and leads to binding of HMGB1 to toll-like receptors and others (Maroso et al., 2010; Vezzani et al., 2011) . Therefore, we investigated whether HMGB1 translocation might account for augmented oxygen extraction and deoxyhemoglobin levels, generating the decreased T 2 effect observed in the amygdala of the subset of FSE rats that became epileptic. To this end, a separate cohort of rats T 2 values of the lower side in all groups and all bilateral regions were analyzed together using exploratory factor analysis to identify possible patterns of T 2 changes. Three patterns (factors) were identified. Notably, factor 2 was highly represented by the basolateral and medial amygdala and the medial thalamus. For clarity, loadings Ͻ0.5 are not shown. Factor scores were then derived and ROC curve analysis was performed, indicating that factor 2 was predictive of epilepsy. Nonepileptic group, n ϭ 13; epileptic group, n ϭ 6. To remove possible systemic effects that could influence the regional T 2 measurements, each region was normalized to the whole-brain T 2 value for each rat and exploratory factor analysis was performed to identify possible patterns. Three patterns (factors) were found, indicating that certain regions changed together. Notably, factor 1 was highly represented by the basolateral and medial amygdala and the medial thalamus. This was a similar pattern of changes identified without normalization for systemic effects, suggesting that, after FSE, these regions tend to change together. For clarity, loadings Ͻ0.5 are not shown. Factor scores were then derived and ROC curve analysis was performed, indicating that factor 1was predictive of epilepsy. Nonepileptic group, n ϭ 13; epileptic group, n ϭ 6.
Figure 4.
Reduced T 2 values after FSE correlate with increased deoxyhemoglobin levels. A, T 2 values were likely reduced because of a paramagnetic effect of deoxyhemoglobin and increased levels of unsaturated (deoxy)hemoglobin after FSE. This paramagnetic effect increases as a function of magnetic field strength. Significant correlation of reduced brain (B) and muscle (C) T 2 values with increased blood deoxyhemoglobin levels (Ϫ0.73, p ϭ 0.001; Ϫ0.47, p ϭ 0.057, respectively). Values were compared among the sides with lower T 2 values in all rats and all groups. Shown is a scatter plot of individual rats, with blue circles indicating normothermic control rats (n ϭ 7) and red circles the FSE rats (n ϭ 11).
was divided into normothermic controls and FSE, subjected to MRI at 2 h, and then killed for assessment of HMGB1 expression and translocation (Fig. 5) . The number of cells expressing HMGB1 within the nucleus did not differ appreciably among groups ( Fig. 5 A, B) . However, HMGB1 translocation to the cytoplasm, a preamble to its release, was largely confined to the FSE group (Fig. 5B) and was correlated with the reduction in T 2 values (Fig.  5D ). The temporal evolution of HMGB1 translocation was also highly congruent with the time course of the T 2 signal changes ( Fig. 5C ).
Assessing the MRI signal changes using clinically relevant, lower-field MRI
The epilepsy-predicting MRI signal changes described in the previous section were obtained using a high-field scanner that was chosen to maximize signal-tonoise ratios. These are crucial for imaging small samples such as immature rat brain, which have a volume of ϳ0.5 cm 3 compared with ϳ1000 cm 3 for human infants.
Once we discovered the predictive value of reduced MRI T 2 values at high magnetic fields and their relationship with increased deoxyhemoglobin levels, we used this information to seek imaging parameters that would enable detection of epilepsy-predictive MRI changes at lower magnetic fields. Specifically, we imaged individual rats using both the T 2 sequence at 11.7 T and a deoxyhemoglobinsensitive T 2 * sequence (Fig. 6 ) using a 4.7 T scanner. The latter method, used in functional MRI studies, is feasible in lowmagnetic-field MRI scanners used in clinical settings. At 2 h after FSE, low-field T 2 * measurements and high-field T 2 measurements identified the same rats, with strong correlations between the 2 methods for the region predictive of epilepsy (basolateral amygdala r ϭ 0.751, p ϭ 0.008; medial thalamus r ϭ 0.846, p Ͻ 0.001; Fig. 6G,H ) . These findings indicate that the predictive signal changes observed using high-field MRI scanners can be detected using more clinically relevant MRI scanners.
Discussion
The principal discovery in these studies is the identification of a novel, noninvasive, and predictive marker of limbic epilepsy after experimental FSE, which suggests salient biological processes and is potentially translatable to the clinical setting. Specifically, on high-magnetic-field scanners, reductions in MRI T 2 relaxation times in amygdala that are detectable hours after FSE predict which rats will develop epilepsy in the ensuing months. The reduced T 2 values may derive from increased deoxyhemoglobin levels-consistent with augmented oxygen utilization in limbic brain regions-that persists for hours after the inciting FSE. The mechanisms requiring oxygen may include the energy-demanding translocation of the proinflammatory danger-signal molecule HMGB1 from the nucleus to the cytoplasm, likely followed by its release and an initiation of a cytokine response. Finally, these predictive MRI changes are also observable using T 2 * sequences at field strengths applicable to human imaging.
Timing, imaging sequences, and MRI field strength influence signal changes after FSE in immature brain Using high-field, high-resolution MRI imaging, we found that a subset of rats experiencing FSE developed brain changes that were reflected by reduced T 2 values. Whereas these were fairly widespread throughout the brain, localized reduction in amygdala values predicted subsequent epilepsy. Similar to the clinical situation, only a subset of rats had MRI signal abnormalities and these progressed to epilepsy. Although in humans, preexisting factors might contribute to vulnerability to FSE or its consequences , these factors do not exist in the animal model. Therefore, the findings suggest that FSE itself can promote MRI signal changes and epileptogenesis. The most widely reported MRI abnormalities after FSE in children are increases of T 2 in hippocampus within 2-5 d of the event (Cendes et al., 1993a; VanLandingham et al., 1998; Scott et al., 2002; Lewis et al., 2014) . Consistent with findings in children, we and other groups (Jansen et al., 2008) found increased MRI signals in rodents 2-7 d after experimental FSE using MRI with field strengths similar to those used clinically. Because these relatively late MRI changes did not predict epilepsy, we were compelled to search for earlier, predictive MRI changes and to use more powerful methods to detect them.
The timing of imaging distinguishes the present study from those reported previously and probably enabled detection of epilepsy-predicting signal changes. Previous studies in children and rodents, at the earliest, performed imaging 24 h after FSE compared with 2-4 h here. It is quite likely that the onset of epileptogenic changes is very early after the insult and prior studies were not designed to capture these changes.
A second crucial factor distinguishing the present study involves the use of a very-high-field 11.7 T MRI scanner; previous studies used field strengths ranging from 1.5 to 7 T (Scott et al., 2002; Jansen et al., 2008; ). Such high fields preclude detection of subtle increases in T 2 values found using lower-field systems because T 2 relaxation times shorten as mag-netic field increases. de Graaf et al. (2006) measured T 2 values in adult rat brain at different field strengths and reported values of 72, 45.4, and 38.9 ms at field strengths of 4, 9.4, and 11.7 T, respectively. After SE in adult rodents, studies at 9.4 T found nonsignificant hippocampal T 2 increases of 1-2 ms, whereas using 2.35 T, the changes were ϳ5 ms (Greene et al., 2007; Duffy et al., 2012) . In immature rodents, mean hippocampal T 2 values were 120 ms at 4 T, 101.3 ms at 6.3 T, and 59.7 ms at 11.7 T. In other words, compared with T 2 values in a clinical scanner (1.5 T), our 11.7 T scanner yields a 3-fold reduction in relaxation times, which precludes detection of the 3-4 ms increases found in low-field scanners: such changes would comprise 1-2 ms changes at 11.7 T.
In contrast, at high field strengths, the susceptibility effects from deoxyhemoglobin, which manifest as T 2 shortening, become stronger and are therefore detectable in the present study (Ogawa et al., 1990; van Zijl et al., 1998; Calamante et al., 1999) .
Hippocampal and amygdala signal changes after FSE are asymmetric MRI signal changes are most often unilateral and almost always asymmetric in children after FSE and in adults with TLE and a history of FSE. This provided a strong impetus to examine for similar unilateral changes in rodent models of the human condition. Many adult rodent models of chemoconvulsant-induced epilepsy lead to bilateral MRI changes, yet unilateral hippocampal changes have been reported in adult rodents after kindling and after intrahippocampal or intraamygdala kainic acid (Bouilleret et al., 2000; Jupp et al., 2006; Dunleavy et al., 2010) . Here, we found asymmetric T 2 signal changes after experimental FSE. It is helpful to consider two significant differences between the present study and previous studies in chemoconvulsantinduced epilepsy in adult rodents. First, the present study used Figure 6 . Lower-field, more clinically relevant MRI scanners identify the same epilepsy-predictive changes as high-field MRI. A-F, Representative color-coded quantitative T 2 map acquired at 11.7 T and T 2 * map acquired at 4.7 T in a normothermic control and a FSE rat. C-F, Note the decreased T 2 at 11.7 T in the basolateral amygdala, with a corresponding reduction in T 2 * at 4.7 T in the FSE rat compared with the normothermic control rat. Significant relationships between the T 2 and T 2 * were observed in amygdala and thalamus, regions predictive of epileptogenesis. These data indicate that either method suffices to identify rats destined to become epileptic. G, Basolateral amygdala (n ϭ 11, r ϭ 0.751, p ϭ 0.008). H, Medial thalamus (n ϭ 15, r ϭ 0.846, p Ͻ 0.001). Shown is a scatter plot of individual rats. Blue circles indicate normothermic control rats and red circles the FSE rats. Values were compared among the sides with lower T 2 values in all rats and all groups. Scale bar, 1 mm. immature rodents and age has a profound influence on the nature of brain injury provoked by severe seizures (Nitecka et al., 1984; Holmes and Thompson, 1988; Jensen et al., 1991; Sperber et al., 1992; Stafstrom et al., 1992; Toth et al., 1998; Kubová et al., 2001; Lee et al., 2001; Raol et al., 2003; Baram et al., 2011) . We also aimed to recreate the human insult of FSE, that is, long seizures provoked by combined temperature elevation and inflammatory cytokines induced by fever (Dubé et al., 2005a Vezzani et al., 2011) . Age and type of insult may underlie the unilateral limbic changes found in the present study and their resemblence to those in children.
Basis of reduced T 2 values using very-high-field MRI
Our findings suggested increased levels of deoxygenated hemoglobin as a source of the paramagnetic effects that manifest as reduced T 2 on high-field MRI scanners. Augmented deoxyhemoglobin reflects a mismatch between tissue oxygen demand and supply and is governed by numerous factors, including cerebral blood flow, cerebral blood volume, and oxygen extraction fraction (van Zijl et al., 1998; Schridde et al., 2008; DeSalvo et al., 2010; Goense et al., 2012) . We excluded subtle seizures during the MRI as potential bases for ongoing increased oxygen demand uncompensated by blood supply because MRIs were acquired under isoflurane anesthesia, a potent anticonvulsant (Mirsattari et al., 2004) . We identified an energetically demanding process, an early "upstream" step in the inflammatory cascade already implicated in FSE Kovac et al., 2012) . The correlation of the magnitude and time course of HMGB1 translocation with T 2 changes supported a role for these processes in increased cellular energy and oxygen demand resulting in augmented deoxyhemoglobin levels, although other potential processes were not excluded (Folbergrová et al., 1985; Young et al., 1987; Lothman, 1990; Hascoet et al., 1988; Schridde et al., 2008; Varghese et al., 2009; DeSalvo et al., 2010) .
Significant and predictive MRI T 2 signal differences between rats that developed epilepsy and those that remained nonepileptic were in amygdala and, using factor analysis, in combined medial-thalamus/amygdala. The involvement of these regions is intriguing. First, acute amygdala and thalamic MRI abnormalities have been observed in a subset of children after FSE (Natsume et al., 2007; and their atrophy was more severe in TLE patients with a history of FSE compared with those without (Cendes et al., 1993a; Dreifuss et al., 2001; Bernhardt et al., 2012) . Amygdala and limbic thalamus constitute important components of an excitatory circuit involved in TLE in humans and rodents (Gloor et al., 1982; Tremblay and Ben-Ari, 1984; Cassidy and Gale, 1998; Englot et al., 2009) . Amygdala is one of the most excitable brain regions (Goddard et al., 1969) and is a region of onset of kainate-induced seizures and of FSE (Baram et al., 1997) in immature rats. Amygdala and medial thalamus may be particularly susceptible to mismatches between oxygen supply and demand, especially in immature brain (Fujikawa et al., 1986; Kubová et al., 2001; Pereira de Vasconcelos et al., 2002; Wasterlain et al., 2010) . Indeed, we found amygdala and hippocampal neuronal injury after experimental FSE (Toth et al., 1998) .
Potential clinical application of these findings
Human MRI studies typically use 1.5-3 T scanners. To explore potential clinical application of our findings, we used a sequence that is more sensitive to deoxyhemoglobin and is readily available in clinical settings-a quantitative T 2 * sequence. The predictive effects were reproduced on a 4.7 T scanner, which was not sur-prising because changes in deoxyhemoglobin levels that are detectable using T 2 * imaging are widely exploited as a basis for functional MRI (Ogawa et al., 1990; Dinstein et al., 2012) , often using 1.5 T scanners (Dosenbach et al., 2010) . Therefore, the predictive signal changes found here should also be readily detectable on standard clinical MRIs.
In summary, using an animal model of FSE; high-resolution, high-field MRI; chronic video EEG; neurochemical blood analyses; and molecular and neuroanatomical approaches, we defined an early, noninvasive, predictive marker of epileptogenesis. Because the changes were visible on clinically relevant scanners, we propose that this MRI signature be tested for its efficacy in predicting FSE-related TLE in the clinical setting.
